The ribosomal protein S6 kinases (S6K) are among the major substrates and crucial effectors of the target of rapamycin (TOR) kinase, which is an evolutionarily conserved regulator of cell growth and proliferation. Recent research indicates that yeast Ypk3 is an ortholog of mammalian S6Ks. Here, we find that plant S6Ks restore ribosomal protein S6 phosphorylation in a rapamycin-sensitive manner in yeast cells lacking Ypk3. However, phosphorylation of a hydrophobic motif, which is mediated through TOR signaling and essential for mammalian S6K activity, is not detected in plant S6Ks. Furthermore, deletion of the N-terminal region of rice S6Ks shows phosphorylation of the hydrophobic motif and reduced rapamycin sensitivity. Our findings suggest a mechanism of plant S6K activation distinct from that of mammalian S6Ks.
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Ribosomal protein S6 kinases (S6K) are members of the AGC family (PKA, PKG, and PKC) of Ser/Thr kinases and ribosomal protein S6 (Rps6) is a major substrate of S6Ks. S6Ks are one of major substrates and crucial effectors of target of rapamycin (TOR) kinase, which is an evolutionarily conserved protein kinase and a central regulator of cell growth and proliferation that integrates signals from multiple inputs, such as nutrients, energy, stress, and growth factors [1, 2] . In animals and yeast, TOR is found in two structurally and functionally distinct complexes termed TOR complex 1 (TORC1) and TORC2 [3] [4] [5] . However, TORC2 does not exist in plants [6, 7] . S6Ks are regulated mainly by TORC1 through interaction with Raptor, one of the components of TORC1, and the TOS (TOR signaling) motif located in the N-terminal region of S6Ks [8, 9] . S6 kinases are conserved among animals and plants, and both animals and plants have two types of S6Ks, S6K1 and S6K2. S6K1 predominantly localizes to the cytosol, while S6K2 localizes to the nucleus [10] [11] [12] . In Saccharomyces cerevisiae, AGC kinase Sch9 and Ypk1/2 are direct targets of TORC1 and TORC2, respectively, and Sch9 is considered to be the functional ortholog of mammalian S6K [13] . However, recent research showed that Rps6 phosphorylation is completely abolished in cells lacking Ypk3, another AGC kinase, and expression of human S6K in ypk3D cells restores Rps6 phosphorylation in a rapamycinsensitive manner. The results indicated that Ypk3 is the functional ortholog of mammalian S6K [14] .
Over the past decade, studies on animal S6K indicate that the mTORC-S6K1 axis controls fundamental cellular processes, including transcription, translation, protein and lipid synthesis, cell growth and size, and cell metabolism [15] [16] [17] . In addition, aberrant mTORC1-S6K1 signaling contributes to various pathological states, including diabetes, obesity, cancer, organ hypertrophy, and aging-related pathology [18] [19] [20] .
Because of the importance of S6Ks in the biological and medical fields, the activation mechanism of S6Ks has been intensively investigated. Mammalian S6K proteins can be subdivided into several important regulatory domains: an acidic N-terminal domain containing the TOS motif, the kinase domain that contains the T-loop, a linker region that contains a turn motif (TM), and a hydrophobic motif (HM), and a basic C-terminal domain, which contains an autoinhibitory pseudosubstrate domain [17] (Fig. 1) .
The activity of mammalian S6Ks requires phosphorylation at three critical sites: the T-loop site in the activation loop (Thr229 in human S6K1), the TM site in the linker domain (Ser371), and the HM site, which is also in the linker domain (Thr389) (Fig. 1) . Phosphorylation of the HM site in the linker domain is mediated by TOR signaling [2, 21, 22] and the phosphorylation of the T-loop site in the activation loop is mediated by PDK1 [23, 24] . The regulation of TM site phosphorylation is not fully understood [25] .
In contrast to mammalian S6Ks, there are not many reported studies on plant S6Ks. However, recent studies on plant S6Ks have begun to reveal their function in plants. Turck et al. (1998) first isolated S6K genes from Arabidopsis, and showed that Arabidopsis S6K2 phosphorylates Rps6 in human embryonic kidney 293 cells [26] . Later studies showed
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Homo sapiens p70-S6K2 that Arabidopsis S6K plays an important role in chromosome stability and functions as a repressor of cell proliferation [27, 28] . In addition, Arabidopsis S6K1 activation by TOR is important for reinitiating the translation of mRNA that contains upstream open reading frames in the 5 0 -untranslated regions [29] . In rice plants, the TOR-Raptor2-S6K1 complex was shown to be important for modulating thylakoid membrane lipid biosynthesis and homeostasis [30] . However, the regulatory mechanism of plant S6Ks is still poorly understood.
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Here, we characterize the activation of plant S6Ks using yeast cells lacking Ypk3. Although expression of rice S6K1/2 and Arabidopsis S6K1 restores Rps6 phosphorylation in a rapamycin-sensitive manner in ypk3D cells, phosphorylation of the HM was not detected. In addition, mutation of a phosphorylation site in the HM of rice S6K1 did not abolish Rps6 phosphorylation, while mutation of the phosphorylation site in the TM and T-loop abolished Rps6 phosphorylation.
Materials and methods
Cloning of plant S6Ks cDNAs
Primers used for polymerase chain reaction (PCR) are listed in Table 1 . The coding sequence (CDS) of OsS6K1 (Os03g21620), OsS6K2 (Os07g48290), AtS6K1 (At3g08730), and AtS6K2 (At3g08720) were isolated by reverse transcription PCR using PrimeScript Reverse Transcriptase (Takara Bio Inc., Shiga, Japan) and PrimeSTAR HS DNA Polymerase (Takara Bio Inc.). To synthesize first strand cDNA, total RNA was isolated from 7-day-old seedlings of rice (Oryza sativa, cv Nipponbare) and Arabidopsis (Columbia). Ypk3 was amplified by PCR using genomic DNA from S. cerevisiae as a template. Amplified cDNAs were cloned into a pCR-Blunt vector (Thermo Fisher Scientific, Waltham, MA, USA).
Construction of vectors for yeast experiments
Primers used for PCR are listed in Table 1 . Yeast expression vectors were constructed using p426 GPD [31] . An N- Table 1 . Primers used in this study.
Name
Sequence
terminal deletion of S6K was amplified by PCR using cloned full-length cDNA as template. To replace Thr307 (in the T-loop) of OsS6K with Ala, a primer extension method was used. Briefly, two PCR fragments were amplified using primer sets, OsS6K1 BamHIF/OsS6K1 T-loop R and OsS6K1 T-loop F/OsS6K1 XhoI R. The two amplified fragments were mixed and used as templates in a final PCR reaction to amplify full-length OsS6K1 using primer set OsS6K1 BamHIF/OsS6K1 XhoI R. To replace Ser449 with Ala, a fragment with the mutation was amplified by PCR using the primer set OsS6K1 BamHIF/OsS6K1 TM R and the amplified fragment was cut with BamHI and PstI. Cloned full-length OsS6K1 was also cut with BamHI and PstI and the BamHI/PstI fragment was replaced with the mutated fragment. To replace Ser465 with Ala, a long reverse primer with the mutation (OsS6K1 HM XhoI R) and OsS6K1 BamHI F were used for amplification. Amplified cDNAs were cloned into pCR-Blunt vector and sequences were confirmed.
Yeast growth conditions and growth tests
The yeast strain used in the complementation test (BY4741 ypk3::KanMX) was a gift from T. Ushimaru (Shizuoka University). Yeast strains containing expression vectors were grown in Sabouraud dextrose medium lacking uracil (SD-Ura) at 30°C. To test rapamycin sensitivity, exponentially growing cells were diluted to OD 600 = 0.2 in SD-Ura medium. After culturing in SD-Ura medium for 3 h, rapamycin was added (200 ngÁmL À1 ) and cultured for 60 min or 90 min and then harvested for western blotting. For growth tests, yeast cells were grown and collected at a density of 0.4-0.6 OD 600 /mL. Cells were then diluted to 6 9 10 7 cellsÁlL À1 and 10-fold serial dilutions were made.
Ten microliters of diluted cells were spotted on SD-Ura plates with rapamycin (10 or 25 ngÁmL
À1
).
Chemicals and antibodies
Rapamycin (LC Laboratories, Woburn, MA, USA) was dissolved in dimethyl sulfoxide (DMSO). Three antibodies were purchased, phospho-S6 ribosomal protein antibody (Ser235/ Ser236) (#2211, Cell Signaling Technology, Boston, MA, USA), phospho-p70 S6 kinase antibody (p-T389) (#9205, Cell Signaling Technology), and RPS6 (#ab40820, Abcam, Cambridge, UK). An OsS6K1-specific polyclonal antibody was raised against peptide LAKEFDENTRSNS (GeneScript, Piscataway, NJ, USA).
Western blotting
Yeast cell lysates were obtained by suspending cells in 0.1 M NaOH for 5 min at room temperature. After centrifugation at 16 000 g for 5 min, SDS sample buffer was added to the supernatant and boiled at 95°C for 5 min. Samples were electrophoresed by SDS/PAGE and proteins were then transferred to poly(vinylidene difluoride) membranes (Pall Corporation). The membranes were blocked with Blocking One-P (Nakarai) and probed overnight with primary antibodies, followed by 1-h incubation with secondary antibodies. Signals were detected using Chemi-LuminOne (Nakarai). The band density of western blotting was analyzed using ImageJ (https://imagej.nih.gov/ij/).
Results
Plant S6 kinases phosphorylate Rps6 in ypk3D cells without HM phosphorylation
Mammalian S6K proteins can be subdivided into several important regulatory domains, as shown in Fig. 1 : an acidic N-terminal domain containing the TOS motif, the kinase domain that contains the T-loop, a linker region that contains the TM and the HM, and a basic C-terminal domain which contains an autoinhibitory pseudosubstrate domain [17] . Plant S6Ks have an N-terminal domain which is longer than mammalian S6Ks and does not contain a canonical TOS motif. There is no region corresponding to the mammalian C-terminal domain (Fig. 1) . The amino acid sequences of the kinase domains are well conserved between mammalian S6Ks and plant S6Ks. The structure of Ypk3, the yeast ortholog of S6K [14] , is similar to plant S6Ks. Three phosphorylation sites critical for mammalian S6K activity, the T-loop site in the activation loop (Thr229 in human S6K1), the TM site in the linker domain (Ser371), and the HM site, also in the linker domain (Thr389), are conserved among animals, plants, and yeast (Figs 1 and 2) . Because it was shown that human S6K1 or S6K2 was sufficient to restore Rps6 phosphorylation in yeast ypk3D cells [14] , we examined whether loss of Rps6 phosphorylation in ypk3D cells can be restored by plant S6K1 or S6K2. The phosphorylation of Rps6 was detected using a highly specific, commercial, antihuman phospho-S6 (Ser235/236) antibody described previously [14] . We also detected phosphorylation of the HM site of plant S6Ks using a highly specific, commercial, anti-human phospho-T389 S6K1 peptide antibody [32, 33] .
Full-length Arabidopsis S6K1 and S6K2 (AtS6K1 and AtS6K2) and rice S6K1 and S6K2 (OsS6K1 and OsS6K2) were expressed in yeast ypk3D cells. As a positive control, yeast Ypk3 was also expressed (Fig. 2) . Although yeast cells lacking Ypk3 were defective for Rps6 phosphorylation, expression of Ypk3, OsS6K1, or OsS6K2 restored Rps6 phosphorylation. AtS6K1 phosphorylated Rps6 very weakly, while we could not detect phosphorylated Rps6 in cells expressing AtS6K2. Contrary to our expectation, phosphorylated Thr or Ser at the HM site could not be detected in any cells expressing plant S6Ks. Western blotting using a specific antibody against OsS6K1 confirmed the expression of OsS6K1 in ypk3D cells.
Deletion of the N-terminal domain of plant S6Ks
It was reported that deletion of 58 amino acids from the N terminus of human S6K1 abolishes serum-stimulated activation, while a larger deletion extending to 77 amino acids demonstrated extremely high levels of kinase activity, which was insensitive to rapamycin [34] . We examined the effect of N-terminal deletion on the activity and HM phosphorylation of plant S6Ks (Fig. 3) . First we constructed two kinds of deletions for each S6K: deletion of 107 and 140 amino acids of OsS6K1 (OsS6K1D107 and OsS6K1D140), deletion of 107 and 137 amino acids of OsS6K2 (OsS6K2D107 and OsS6K2D137), deletion of 81 and 121 amino acids of AtS6K1 (AtS6K1D81 and AtS6K1D121), and deletion of 91 and 127 amino acids of AtS6K2 (AtS6K2D91 and AtS6K2D127). A precise map of the deletions is shown in Fig. S1 . Rps6 phosphorylation was detected in cells expressing full-length OsS6Ks and the deletion series of OsS6Ks (Fig. 3A) . The intensity of a band of phosphorylated Rps6 was not significantly increased by deletion of the N-terminal region. Surprisingly, HM phosphorylation was detected in cells expressing the deletion series of OsS6Ks (Fig. 3A) . On the other hand, the phosphorylation of Rps6 detected in cells expressing AtS6K1 was increased by deletion of the N-terminal region (Fig. 3B) . In contrast to OsS6Ks, we could not detect HM phosphorylation in any of the cells expressing AtS6Ks.
Because deletion of the N-terminal region of OsS6K1 showed phosphorylation at the HM site, we further dissected the N termini of the S6Ks by constructing further deletion series (OsS6K1D39, OsS6K1D69, and OsS6K1D89). Although Rps6 phosphorylation was detected in all of the deletion series at a similar level, HM site phosphorylation was not detected in the newly constructed deletion series (Fig. 3C ).
Rapamycin sensitivity of OsS6Ks in ypk3D cells
Ypk3 and human S6K1 and 2 were reported to phosphorylate Rps6 in ypk3D cells in a rapamycin-sensitive manner [14] . We next examined the rapamycin sensitivity of full-length and N-terminal-deleted OsS6K1 and OsS6K2.
The ypk3D cells expressing Ypk3, full-length OsS6K1 and OsS6K2, or the N-terminal deletion series of OsS6K1 and OsS6K2 were transferred to medium with rapamycin (200 ngÁmL
À1
) and cultured for 60 min or 90 min. Rps6 phosphorylation and HM phosphorylation of OsS6Ks were detected (Fig. 4A) . After 60 min of treatment with rapamycin, Rps6 phosphorylation was not detected in cells expressing fulllength OsS6K1, although a faint signal of phosphorylated Rps6 was detected in cells expressing Ypk3. Ninety minutes of rapamycin treatment abolished phosphorylated Rps6 in cells expressing full-length OsS6K2, although phosphorylated Rps6 in cells expressing Ypk3 and the N-terminal deletion series of the OsS6Ks was still detected (Fig. 4A,B) . HM phosphorylation was detected in cells expressing the deletion series of OsS6Ks after 90 min.
We also tested yeast growth on medium with rapamycin. On medium with 25 ngÁmL À1 rapamycin, the growth of ypk3D cells expressing Ypk3 and full-length OsS6K1 and OsS6K2 was inhibited, while cells expressing the deletion series of the S6Ks could grow on the medium (Fig. 4C) . These results indicated that full-length OsS6K1 and OsS6K2 were sensitive to rapamycin, while the sensitivity to rapamycin of the N-terminal-deleted OsS6Ks (OsS6KDNs) was reduced.
Mutation of Ser at the T-loop, HM, and TM sites of OsS6K1
It was unexpected that HM phosphorylation of fulllength OsS6Ks was not detected, although Rps6 was (A) and (B) show the densitometric quantification of P-Rps6, which is normalized against the Rps6 level. The P-Rps6 level of cells expressing OsS6K D107 treated with rapamycin were determined in (B) and expressed as relative to that of 0 min treatment (value set at 1). The P-Rps6 levels in the graphs in (A) are expressed as relative to those of OsS6K D107 at each time determined in (B). (C) ypk3D cells expressing full-length or N-terminaldeleted OsS6Ks were spotted onto medium with rapamycin (10 or 25 ngÁmL
À1
) and cultured for 3 days.
phosphorylated by OsS6Ks in a rapamycin-sensitive manner (Figs 3 and 4) . Next, we examined which phosphorylation site is important for activation of OsS6K1 in ypk3D cells by introducing mutations to the conserved phosphorylation sites. First, we examined the phosphorylation site in the T-loop (Ser307) and the HM site (Ser465). Although mutation at Ser307 inactivated OsS6K1, the mutation at Ser465 did not abolish its activity. A double mutation (S307A/S465A) lost its activity (Fig. 5) . Next, we examined the other conserved phosphorylation site, Ser449 in the TM. We made OsS6K1 with a single mutation at Ser449 (S449A) and a triple mutation in which two other conserved Ser or Thr around Ser449 were substituted (T442A/S449A/S453A). Neither the single nor the triple mutant could phosphorylate Rps6. These results indicated that a Ser or Thr in the HM site is not essential for OsS6K activity, while phosphorylation sites in the TM and the T-loop are essential for OsS6K activity in yeast.
Mutation of Ser at the T-loop and TM sites of N-terminal-deleted OsS6K1
In order to examine whether phosphorylation at the Tloop and TM sites are involved in the HM phosphorylation of N-terminal-deleted OsS6K1, we made OsS6K 1D140 with a mutation at the T-loop (OsS6K1D140 T-loop) or TM site (OsS6K1D140 TM), and HM phosphorylation was analyzed. HM phosphorylation was not detected in neither cells expressing OsS6K1D140 T-loop nor OsS6K1D140 TM (Fig. 6 ), indicating that both T-loop and TM sites are essential for the HM phosphorylation of the N-terminal-deleted OsS6K1.
Furthermore, Rps6 phosphorylation was unexpectedly detected in cells expressing both the OsS6K1D140 T-loop and OsS6K1D140 TM (Fig. 6) . Therefore, we made a triple mutant OsS6K1D140 in which the T-loop, HM, and TM sites were substituted (OsS6K1D140 T-loop/TM/HM). To our surprise, Rps6 phosphorylation was still detected in cells expressing the triple mutant (OsS6K1D140 T-loop/TM/HM) (Fig. 6) . The result indicated that other phosphorylation sites can substitute for the T-loop and TM sites in the N-terminal-deleted OsS6K1.
Discussion
The biochemical properties of plant S6Ks have not been well characterized despite the importance of their function. Recently, Ypk3 was identified as an ortholog of mammalian S6Ks [15] and the finding led us to characterize plant S6Ks using ypk3D cells. OsS6K1, OsS6K2, and AtS6K1 phosphorylated Rps6 in ypk3D cells (Fig. 2) . Although the Rps6 phosphorylation by plant S6Ks was rapamycin-sensitive (Fig. 4) , Ser or Thr at the HM site, which is the critical site for phosphorylation by TORC1, was not phosphorylated (Fig. 3) . Substitution of Ser at the HM site, to Ala did not affect OsS6K1 activity (Fig. 5) , also supporting that the Ser or Thr at the HM site is not essential for the activity in yeast of plant S6Ks. On the other hand, substitution experiments showed that another important Ser residue in the T-loop and the TM are essential for OsS6K1 activity in yeast (Fig. 5) . Gonzalez et al. [14] reported that substitution of the Ser in the T-loop (Ser321) and in the HM (Ser513) to Ala lost its activity in Ypk3, while substitution of Thr in the TM (Thr490) to Ala did not lose activity. The result is different from that of OsS6K1. However, other reports showed different results; that is, substitution of Ser513 in Ypk3 did not abolish its activity and Ypk3 lost its activity by substitution of three more Ser residues, in addition to Ser513 (S505A, S513A, S517A, and S519A) [35] . In this case, the substituted Ser residues are located in the C-terminal region near the HM, not the TM, and these residues are not conserved in plants or animals. The results also indicated that the conserved phosphorylation site in the HM of Ypk3 (Ser513) is not essential for its activity and four Ser residues around Ser513 may function redundantly. In plant S6Ks, there are several nonconserved Ser and Thr around the HM and they may function as in Ypk3.
The regulation of TM phosphorylation remains unclear [25] . The rapamycin-sensitive activity of fulllength OsS6K1 suggested that TOR is involved in activation of OsS6K1, as in the case of Ypk3 and human S6Ks. The results indicated that TOR is involved in the regulation of TM phosphorylation of OsS6K. Some reports suggested that TM phosphorylation is regulated by mTOR [36, 37] . Another report showed that glycogen synthase kinase (GSK)-3 phosphorylates the TM, and mTOR regulates TM phosphorylation indirectly [38] . Further research is required to reveal the regulation of TM phosphorylation of plant S6Ks. The possibility that there are other rapamycin-sensitive phosphorylation sites in plant S6Ks cannot be excluded.
Hydrophobic motif phosphorylation occurred when the N-terminal region of OsS6Ks was deleted and S6KDN showed reduced rapamycin sensitivity (Figs 3  and 4) . The results indicated that the N-terminal region inhibits phosphorylation of the HM of OsS6K. mTOR regulates S6K through the TOS motif located in the Nterminal region of S6K. The TOS motif interacts with Raptor, a component of TORC1. Although no canonical TOS motif is found in plant S6Ks, recent research found a conserved TOS motif in the N-terminal region (around 40-50 amino acids from N terminus) of plant S6Ks [39, 40] . In plants, the inhibition of HM phosphorylation by the N-terminal region may be removed by TOR signaling through the TOS motif. We speculated that the plant TOS motif probably cannot interact with Kog1 (the yeast homolog of Raptor) to remove the inhibition of HM phosphorylation. However, the expression of OsRaptor in the kog1 mutant-expressing OsS6K1 could not phosphorylate the HM site in OsS6K1 (data not shown), although OsRaptor complemented the KOG1 function [7] . These results suggested that removing the inhibition of HM phosphorylation by the N-terminal region requires other factors than plant Raptor.
The deletion of the N-terminal 77 amino acids of mammalian S6K (DN77) showed rapamycin-insensitive activity [34] . Because deletion of the N-terminal region disabled S6K to be phosphorylated by TOR through Raptor, which kinase phosphorylates the HM remains an open question [41] . Ali and Sabatini [42] reported that mTORC2 mediated S6K phosphorylation. Our data showed that HM phosphorylation of OsS6KDN in yeast requires the phosphorylation of both the T-loop and TM sites (Fig. 6) . The results suggested the possibility that HM phosphorylation of OsS6KDN is autophosphorylation, and no other kinases are required. We cannot rule out the possibility that the HM phosphorylation requires other kinases, such as TORC2.
A further surprising result was that OsS6KDN did not require phosphorylation of the T-loop, TM site, and HM site (Fig. 6) . The results suggested that other phosphorylation sites compensated the function of these major phosphorylation sites. As mentioned above, several Ser residues around the HM site function redundantly in Ypk3 [35] . Ser or Thr residues close to the T-loop and TM sites may function redundantly in OsS6KDN. Taken together, the deletion of the N-terminal region drastically changed the biochemical properties of OsS6K.
Hydrophobic motif phosphorylation was not detected in AtS6Ks, even in the N-terminal-deleted versions. Furthermore, even RPS6 phosphorylation was not detected in ypk3D cells expressing AtS6K2. The reason for the different activities and phosphorylation of OsS6Ks and AtS6Ks in yeast is not clear.
In this study using a yeast system, we found that the regulatory mechanisms for plant S6K activity are distinct from those of mammalian S6Ks. It will be necessary to verify that the properties of the S6Ks observed using the yeast system are comparable in plants. Although the findings were obtained using a heterologous system, the information will provide useful tools to further understand the properties of plant S6Ks.
